Abstract: Phylogenetic analysis of 105 nuclear GAI1 sequences of Vitaceae provided a fairly robust phylogeny, largely congruent with the recently published chloroplast data of the family. In the GAI1 phylogeny, Cayratia Juss., Tetrastigma (Miq.) Planch., and Cyphostemma (Planch.) Alston form a clade. Résumé : L'analyse phylogénétique de 105 séquences du GAII nucléique des Vitaceae conduit à une phylogénie passablement robuste, concordant avec les données récemment publiées sur les chloroplastes de la famille. Selon la phylogénie basée sur le GAII, les Cayatia Juss., Tetrastigma 
Introduction
Taxonomically, the family Vitaceae consists of approximately 14 genera and approximately 900 species primarily distributed in tropical regions in Asia, Africa, Australia, the neotropics, and the Pacific islands, with a few genera in temperate regions (Vitis L., Parthenocissus Planch., and Ampelopsis Michx.) (Soejima and Wen 2006; Wen 2007a) . Ampelopsis and Parthenocissus show a disjunct distribution in eastern Asia and eastern North America extending to Mexico (Ampelopsis and Parthenocissus) and Europe (Ampelopsis). Morphological synapomorphies of Vitaceae in- clude leaf-opposed tendrils, climbing habit, presence of ''pearl'' glands (small spherical epidermal structures with a short stalk) on leaves, and a suite of specialized seed characters. Vitaceae taxa have seeds with a cordlike raphe on the adaxial surface, extending from the hilum to the seed apex and continuing onto the abaxial surface. A groove is commonly present on both sides of the raphe, and a chalazal knot (a depressed to raised region) is on the abaxial surface (Tiffney and Barghoorn 1976; Wen 2007a) . Vegetative and floral development of Vitaceae has been systematically recorded by Gerrath, Posluszny, and their collaborators (e.g., Gerrath and Posluszny 1988a , 1988b , 1988c 1989a , 1989b , 1989c Gerrath et al. 1998 Gerrath et al. , 2001 Gerrath et al. 2004) . The family Vitaceae is most closely related to the monogeneric Leeaceae. The two families share the morphological synapomorphies of the presence of pearl glands and raphides (Wen 2007a (Wen , 2007b . Takhtajan (1997) considered the Vitales (Vitaceae and Leeaceae) to be highly isolated, and treated it as the sole member of the superorder Vitanae. Based on rbcL data, Chase et al. (1993) reported the Vitaceae-Leeaceae clade as sister to the Dilleniaceae. The analysis using atpB, rbcL, and 18S sequences (Soltis et al. 2000) placed Vitaceae sister to the rest of the rosids, but did not confirm a close relationship between Vitaceae and Dilleniaceae. The Angiosperm Phylogeny Proup (2003) placed Vitaceae in the rosids, but left it unassigned as to order. Phylogenies using sequences from the complete chloroplast genome supported Vitaceae, as represented by Vitis vinifera L., to be the earliest diverging lineage of the rosids (Jansen et al. 2006) . In their analysis of the whole plastid genome of Vitis, Jansen et al. (2006) only sampled 28 taxa of seed plants and did not include Dilleniaceae; the group placed as sister to the Vitaceae clade in the rbcL phylogeny (Chase et al. 1993) .
Fourteen genera have been recognized in Vitaceae, although generic delimitation in the family has been problematic (see Table 1 (1887), who enumerated 10 genera in Ampelideae (=Vitaceae). Several genera were described subsequently, for example, Acareosperma (Gagnepain 1919) , Pterocissus (Urban 1926 , now treated under the synonymy of Cissus, see Lombardi 2000) , Cyphostemma (Alston 1931) , Nothocissus (Latiff 1982) , and Yua (Li 1990) . Cyphostemma was included in Cissus by Suessenguth (1953) . Descoings (1960) , however, argued for the recognition of Cyphostemma and pointed out that the two genera are distinct in the bud and corolla shape. Cissus, as characterized by its leaf-opposite compound cyme, its 4-merous flowers, and a continuous cupular floral disc, was recently shown to be polyphyletc (Rossetto et al. 2002) .
The phylogeny of Vitaceae has been recently constructed with several markers (Rossetto et al. 2001a (Rossetto et al. , 2001b (Rossetto et al. , 2002 Ingrouille et al. 2002; Soejima and Wen 2006 Soejima and Wen (2006) sampled 12 genera and 79 species of Vitaceae (only the two small genera Acareosperma and Clematicissus were not sampled) to construct the relationships within Vitaceae with three chloroplast markers (the trnL-F region, the atpB-rbcL spacer, and the rps16 intron). Three major clades in Vitaceae were supported: (i) the Ampelopsis-Rhoicissus-ParthenocissusVitis-Nothocissus-Pterisanthes-Ampelocissus clade, (ii) the core Cissus clade (with the South American Cissus striata complex excepted), and (iii) the Cayratia-Tetrastigma-Cyphostemma clade. Again Cayratia was found to be paraphyletic with the monophyletic Tetrastigma nested within it. Vitis, Ampelocissus, Nothocissus, and Pterisanthes formed a weakly supported clade.
Gibberellins (GAs) are plant growth regulators important in many aspects of plant growth. The Arabidopsis gene GA INSENSITIVE (GAI) (Peng et al. 1997 ; Silverstone et al. Table 2 . Primers of GAI1 used in the study of Vitaceae.
Primer name
Primer sequences 5'-3' 1998) and related genes of the DELLA subfamily encode growth regulators and have been implicated in quantitative variation in developmental traits (Thornsberry et al. 2001 ). Boss and Thomas (2002) derived a grapevine dwarf mutant, named GAI-like gene sequences (GAI1), from the L1 cell layer of the champagne grape cultivar 'Pinot Meunier', which is similar to GAI. The DELLA genes, which also include the three RGL genes in Arabidopsis (Dill and Sun 2001; Wen and Chang 2002) , Rht1 in wheat, d8 in maize (Peng et al. 1999) , and SLR1 in rice (Ogawa et al. 2003) , are a subset of the GRAS family of plant transcriptional regulatory genes (Pysh et al. 1999 ) whose products modulate GA responses (Peng et al. 1999) . The evolution of the GAI homologues was examined in a phylogenetic context in the Hawaiian silversword alliance (Compositae) (Remington and Purugganan 2002) . Objectives of this study are to construct the phylogeny of Vitaceae using the nuclear GAI1 sequences. The GAI1 phylogeny is then compared with the previously published chloroplast phylogenies of the family. Taxonomic implications are discussed, especially concerning the generic delimitation of the Ampelopsis complex, and the generic status of Yua. Our study is the first attempt to use the GAI1 gene as a phylogenetic marker. 
Materials and methods

Sampling
The study sampled 105 accessions (Table 1) , 103 of which are from Vitaceae (11 genera and 95 species and infraspecific taxa) and two of which represent outgroup taxa (two species of Leea van Royen ex L., Leeaceae). Leeaceae are considered to be the closest relative of Vitaceae (Soejima and Wen 2006; Wen 2007a) and are thus selected as the outgroup. We tried to ensure that the sampling of large genera in Vitaceae such as Cissus represented the morphological and geographic diversity of the group. Our sampling represented most genera in the family. Nothocissus and several additional species of Ampelocissus and Pterisanthes were initially included, but we failed to get them amplified.
DNA extraction, amplification, and sequencing
DNAs of all samples were extracted from silica-gel dried leaves following a modified CTAB buffer method (Doyle and Doyle 1987) as used in Soejima and Wen (2006) , or with the Dneasy (QIAGEN, Valencia, Calif.) extraction kits. Primers (GAI1_1F, 1R, 2F, and 2R) were designed based on sequences of Brassica rapa L. (AY928550), Cucurbita maxima Duchesne (AY326306), and Vitis vinifera L. (AF378125) from GenBank (Table 2, Fig. 1 ). PCR was first carried out using primers of 1F and 2R to amplify the entire GAI1 sequence. In cases where amplification was not successful, two internal primers (1R and 2F) were used in combinations of the two primer pairs 1F + 1R and 2F + 2R, to amplify the gene with two shorter fragments. An additional forward primer (GAI1_v1F) was also designed for Vitaceae to amplify a few difficult samples.
Amplification reactions were performed in a 25 mL volume containing 1.5 mmol/L MgCl 2 , 0.2 mmol/L of each dNTP, 0.2 mmol/L each primer, 1U of Taq polymerase, and about 25 ng of DNA temperate. PCR was done on a Peltier Thermal Cycler DNA engine DYAD (MJ Research Incorporated, Watertown, Mass.) starting at 95 8C for 3 min, followed by 37 cycles of 20 s at 94 8C, 30 s at 50 8C, 40 s at 72 8C, and ended with a final extension of 5 min at 72 8C. Sequencing of both strands was done on an ABI 3100 Genetic Analyzer (Applied Biosytems, Foster City, Calif.) using ABI BigDye version 3.1. DNA sequences were assembled using SEQUENCHER version 4.5 (Gene Codes Corp., Ann Arbor, Mich.). Sequence alignment was initially performed using Clustal X version 1.81 (Thompson et al. 1997) followed by manual adjustment in BioEdit (Hall 1999) .
Directly sequencing the GAI1 PCR products of Cissus striata subsp. argentina, and Cissus ulmifolia (Baker) Planch. produced sequences with double peaks. The PCR products of these samples were cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, Calif.). Six clones for each sample were selected and sequenced.
Phylogenetic analyses
Parsimony analyses were conducted using PAUP* version 4.0b10 (Swofford 2003) with heuristic search, random taxon addition, 100 random-addition replicates, tree-bisectionreconnection (TBR) branch swapping, and the Mulpars and Steepest descent options. Bootstrap analyses (Felsenstein 1985) were performed using 500 replicates, with the random taxon addition sequence limited to 10. Nucleotide substitution model parameters were determined for the data sets using the Akaike information criterion (AIC) in Modeltest version 3.6 (Posada and Crandall 1998; Posada and Buckley 2004) . A heuristic maximum likelihood search with TBR branch swapping was then conducted.
Bayesian analyses (Rannala and Yang 1996) were carried out using MrBayes version 3.0b3 (Huelsenbeck and Ronquist 2001) with the model parameters determined from the Modeltest. Bayesian analyses started from random trees and employed four Markov chain Monte Carlo (mcmc) runs, monitored over two million generations, re-sampling trees every 100 generations. Runs were repeated twice to confirm results. The resulting log likelihood and number of generations were plotted to determine the point after which the log likelihoods had stabilized. After discarding the trees saved prior to this point as burn-in, the remaining trees were imported into PAUP* and a 50% majority-rule consensus tree was produced to obtain posterior probabilities of the clades.
Results
The aligned data matrix of the GAI1 comprises 1630 bp in this study of Vitaceae. The GAI1 gene of V. vinifera is composed of 1773 bp (AF378125). We sequenced the partial GAI1 gene homologous to the region spanning from position 142 to position 1631 in V. vinifera (ca. 1500 bp). Aligning sequences required 24 gaps ranging from 3-64 bp. Of the 1630 total characters, 806 were variable, 616 of which were parsimony-informative. The parsimony search generated over 40 000 most parsimonious trees with a consistency index of 0.61, consistency index excluding uninformative characters of 0.56, a retention index of 0.89, and a total tree length of 1921 steps. The strict consensus tree was presented in Fig. 2 , which was consistent with the 50% majority-rule consensus of 18 001 trees (20 001 trees minus 2000 burn-in trees) resulted from the Bayesian analysis. Treating gaps as new binary characters did not change the topology of the tree as in Fig. 2 ). The maximum likelihood (ML) analysis with the best-fit model TVM+I+G produced a tree with a log likelihood of -ln = 13 085.99 and the ML tree is presented in Fig. 3 .
Pairwise patristic distances within and between 12 major groups (11 genera plus the Cissus striata complex) of Vitaceae were estimated with PAUP* ( clones Cissus striata subsp. argentina (Nee & Wen 53887) (see Fig. 3 ). Cissus ulmifolia and C. striata subsp. argentina may have originated via reticulate evolution or the particular samples we sequenced were hybrids. Gene duplication is also another possibility. We need to test these hypotheses and explore additional nuclear markers to better understand why multiple sequence types are present in these two taxa (samples).
Discussion
Higher-level relationships within Vitaceae Three major clades are recognizable within Vitaceae in the GAI1 phylogeny (labeled as Clade 1, Clade 2, and Clade 3 in Fig. 2A ). The first major clade is composed of Ampelopsis, Rhoicissus, the Cissus striata complex in South America, Parthenocissus, Yua, Vitis, Ampelocissus, and Pterisanthes. This major clade includes about 240 species, and most northern hemisphere taxa of Vitaceae belong to this clade (e.g., Vitis, Ampelopsis, and Parthenocissus). The second major clade is the core Cissus which has about 350 species with a pantropical distribution across Asia, neotropics, Africa, Australia, and the Pacific. The third major clade includes Cayratia (Old World primarily in the tropics), Tetrastigma (tropical Asia), and Cyphostemma (tropical Africa with 2-3 species extending to South India, Sri Lanka, and Thailand) (ca. 350 species). The three major clades within Vitaceae were also suggested in the 3-gene analysis of the chloroplast data (Soejima and Wen 2006 ), but were not highlighted by Soejima and Wen (2006) because the taxon sampling in the core Cissus clade and in other genera was generally limited. In the chloroplast study, clade 1 was supported by sequences of the atpB-rbcL spacer and the rps16 intron, but it was not recognized in the strictconsensus tree of the trnL-F data, as the resolution of the trnL-F marker was considerably lower than that of the other two markers. The combined cpDNA tree recognized the clade, yet the bootstrap support was low (less than 50%). This clade on the other hand is well-supported in the GAI1 phylogeny (BS = 100, PP = 100). The core Cissus clade and the Cayratia-Tetrastigma-Cyphostemma clade have been well-supported in the 3-gene chloroplast study (Soejima and Wen 2006) . Rossetto et al. (2002) also supported the CayratiaTetrastigma clade (BS = 95), but they did not sample Cyphostemma. The core Cissus clade was supported by Rossetto et al. (2002) as well.
We will continue to test the phylogenetic relationships of the family before we can extensively discuss character evolution within Vitaceae in the phylogenetic context. Nevertheless, it is of interest to point out that clade 1 has taxa primarily with 5-merous flowers, and clades 2 and 3 have taxa with 4-merous flowers (Fig. 2A) . The basal position of the 4-merous Vitaceae taxa ( Fig. 2A) supports the evolution of 5-merous flowers from the 4-merous ones in the family. The 4-merous flowers of the Cissus striata complex were then derived from the 5-merous flowers in clade 1. Alternatively, the 4-merous flowers may have evolved independently three times in Vitaceae: in the Tetrastigma-Cayratia-Cyphostemma clade, in the core Cissus clade, and in the clade of the Cissus striata complex.
Clade of Ampelopsis -Rhoicissus -the Cissus striata complex
The northern hemisphere Ampelopsis, the African Rhoicissus, and the South American Cissus striata complex are strongly supported to form a monophyletic group. This relationship was suggested by the 3-gene chloroplast data of Soejima and Wen (2006) . In the current study, we expanded the sampling of Ampelopsis and Rhoicissus and included additional taxa (Cissus striata subsp. argentina and Cissus simsiana Roem. & Schult.) closely related to Cissus striata subsp. striata we sampled in our chloroplast study based on discussions from Lombardi (2000) (Soejima and Wen 2006) . Species of Rhoicissus form a clade sister to the Cissus striata complex, and the clade of Rhoicissus -the Cissus striata complex is nested within the paraphyletc Ampelopsis. Also as shown in the chloroplast trees (Soejima and Wen 2006) , the two sections of Ampelopsis (Galet 1967) The molecular phylogenetic analysis suggests the need for a revised generic concept of Ampelopsis. The two sections of Ampelopsis should possibly be elevated to the rank of genus, and two genera may be recognized within the current concept of Ampelopsis s.l. Bernard (1972 Bernard ( -1973 examined buds of Ampelopsis and found that taxa in section Leeaceifoliae had complex axillary buds like Vitis vinifera, whereas those in section Ampelopsis had serial accessory buds. The morphological (leaf architecture and bud morphology), chloroplast (Soejima and Wen 2006) , and nuclear (this study) data suggest that Ampelopsis needs to be redefined and the ''Leeaceifoliae'' group should possibly be raised to the rank of genus rank.
Certainly, the generic delimitation of Ampelopsis needs to be established in the context of Rhoicissus and the Cissus striata complex from South America. Furthermore, the Australian Clematicissus may well belong to this group, as it has 5-merous flowers and sometimes with the tendril branches terminated by 1-2 umbels (Jackes 1989; Rossetto et al. 2002; Jackes and Rossetto 2006) . This inflorescence character is often present in Ampelopsis, and also in Cissus simsiana in South America (J. Wen, personal observation). Clematicissus has been separated from other genera by its dry fruits (Jackes 1989; Wen 2007a) .
We sampled Cissus striata and C. simsiana (C. striata complex) from South America. Lombardi (2000) pointed out that this alliance includes four South American species: Cissus simsiana, Cissus tweedieana (Baker) Planch., Cissus striata, and Cissus granulosa Ruiz & Pavón. Unlike most Ampelopsis (A. arborea excepted), this group of Cissus species has largely 4-merous flowers (vs. 5-merous flowers) and blackish fruits at maturity (vs. blue-purple to purple in Ampelopsis). This South American group may be best recognized as a distinct genus based on the phylogenetic and the available morphological data.
Rhoicissus consists of about 12 species and is endemic to Africa. Rhoicissus has 5-7-merous flowers, fleshy petals, and a nectary disk originated from the widening of the base of ovary (Gerrath et al. 2004; Wen 2007a) . A close relationship between Rhoicissus and Ampelopsis was supported by the vegetative and floral developmental characters. Yet in Ampelopsis, the nectary disk is distinct from the ovary base (Gerrath and Posluszny 1989c) .
Floral developmental and other morphological characters need to be documented for the Cissus striata complex, Clematicissus, and additional species of Ampelopsis and Rhoicissus to better delimit genera in the clade of Ampelopsis -Rhoicissus -Cissus striata complex. There are two alternative approaches to the problem on generic limits in the clade. The first one is to recognize about four genera in the clade: Ampelopsis s. str. (= Ampelopsis sect. Ampelopsis), a genus corresponding to Ampelopsis sect. Leeaceifoliae, Rhoicissus, and a genus corresponding to the Cissus striata complex. The other alternative is to define Ampelopsis broadly and treat Rhoicissus and the Cissus striata complex under Ampelopsis. The second approach, however, makes Ampelopsis s.l. a genus with heterogeneous floral morphology.
Parthenocissus-Yua clade
Planchon (1887) Gagnepain (1911) , which was followed by later workers (e.g., Suessenguth 1953; Latiff 1982; Li 1998; Shetty and Singh 2000; Wen 2007a; Chen and Wen, 2007) . Li (1990) Vitis -Ampelocissus-Pterisanthes clade Soejima and Wen (2006) reported that Vitis is monophyletic and forms a clade with Ampelocissus, Pterisanthes, and Nothocissus (BS = 91, PP = 100). This study failed to amplify Nothocissus with the GAI1 gene. Nevertheless, a close relationship between Vitis, Ampelocissus, and Pterisanthes is supported (Figs. 2 and 3) , despite a small sample size of Ampelocissus and Pterisanthes. Pterisanthes is an Asian genus with about 20 species distributed in Malaysia, Indonesia, Philippines, and Thailand (Wen 2007a) . Species of Pterisanthes are characterized by their leaf-opposed applanate or lamellate panicle with branched tendrils on the peduncle. Ampelocissus is a relatively large genus with *90 species distributed in Asia, Africa, and North and South America. Our results suggest that the Asian Ampelocissus is closely related to Pterisanthes. Ampelocissus is characterized by its 4-5-merous flowers in thyrses and inflorescences subtended by a tendril near the base. A tendril is also sometimes observed in Pterisanthes subtending the inflorescence, thus supporting the close relationship between Ampelocissus and Pterisanthes.
Vitis species sampled from Asia, North America, and Europe form a clade. Ingrouille et al. (2002) have, however, reported that Vitis is paraphyletic with Cyphostemma and Parthenocissus nested within it, but this relationship has no bootstrap support. Species of Vitis are morphologically characterized by their polygamodioecious reproductive biology, calyptrate petals, and 5-merous flowers. Two subgenera are commonly recognized in the genus: subgenus Vitis and subgenus Muscadinia. Species of subgenus Vitis usually have shreddy bark on old stems, lenticels inconspicuous (vs. prominent in subg. Muscadinia), pith interrupted by diaphragms within the nodes (vs. continuous through nodes in subg. Muscadinia), and tendrils 2-3-forked (vs. simple in subg. Muscadinia). Subgenus Muscadinia consists of only 2-3 species from the USA, the West Indies, and Mexico (Brizicky 1965) , whereas subgenus Vitis has a wide distribution in the northern hemisphere. We sampled only Vitis popenoei J.L. Fennell of subgenus Muscadinia from Mexico and the other species belonging to subgenus Vitis.
The core Cissus clade and its diversification
We sampled Cissus from the Old World (Africa and Asia) and the neotropics. The core Cissus group is well-supported to be monophyletic (BS = 100, PP = 100). Our samples did not include taxa from Australia, as Rossetto et al. (2002) reported that the five out of nine endemic or near-endemic Australian species of Cissus did not group with the core Cissus, where the type species of the genus, Cissus quadrangularis L. belongs. Within the core Cissus, the Old World taxa form a paraphyletic group and the neotropical clade is nested within the Old World Cissus. Several disjunctions between Africa and Asia are evident among the Old World Cissus (Fig. 2C) . As pointed out by Rossetto et al. (2002) , the core Cissus group exhibits the morphological characters attributed to the genus: leafopposed umbellate cymes, 4-merous flowers, cupular floral disk raised above the ovary, and monospermic fruits. The leaf morphology among our sampled core Cissus species is diverse, varying from simple (e.g., in Cissus hastata Miq., Cissus repens Lam., and Cissus rotundifolia (Forssk.) Vahl.), trifoliate (e.g., in C. trifoliata, Cissus erosa Rich., and C. ulmifolia), to palmately compound (e.g., in Cissus elongata Roxb. and Cissus aralioides Planch.) leaves. Biogeographic interactions between African and Asian core Cissus appear to be complex. The intercontinental biogeography of Cissus needs to be rigorously constructed with an enhanced sampling of this large genus.
Cayratia-Cyphostemma-Tetrastigma clade
Cayratia, Cyphostemma, and Tetrastigma form a strongly supported clade (Fig. 2C) . Within this clade, Cyphostemma and Tetrastigma are each monophyletic, whereas Cayratia is paraphyletic. Cayratia pedata (the type species of the genus), Cissus mollissima Gagnep. and another taxon Cissus sp. form a clade sister to the clade of taxa of Tetrastigma, Cayratia japonica (Thunb.) Gagnep., and Cyphostemma. Cayratia japonica is sister to the Tetrastigma clade in the GAI1 analysis. Previous studies suggested that C. japonica and C. trifolia are closely related (see Latiff 1982; Rossetto et al. 2002; Soejima and Wen 2006) . The clade of Cayratia and Tetrastigma has been reported in previous studies (e.g., Ingrouille et al. 2002; Rossetto et al. 2002; Soejima and Wen 2006) . The GAI1 results on the Cayratia-TetrastigmaCyphostemma group are congruent with the chloroplast data reported by Soejima and Wen (2006) . The generic limits of Cayratia need to be further examined. It appears necessary to recognize a genus comprising taxa including ''Cayratia japonica'', ''C. trifolia,'' and their close relatives.
